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Abstract 
 
Ridges are often added to surfaces to improve grip of objects such as sports equipment, kitchen utensils, assistive 
technology, etc.  Although considerable work has been carried out to study finger friction generally, not much attention has 
been paid to understanding and modelling the effects of surface texture. Previous studies indicate that at low roughness values 
friction decreases as roughness increases, but then a sharp increase is seen after a threshold level of roughness is reached. This 
is thought to be due to interlocking. In this study an analytical model was developed to analyse the different mechanisms of 
friction of a fingerpad sliding against triangular-ridged surfaces that incorporated adhesion, interlocking and hysteresis. 
Modelling was compared with experimental results from tests on five different triangular-ridged surfaces, manufactured from 
aluminium, brass and steel. Model and experiment compared well. The study showed that at low ridge height and width the 
friction was dominated by adhesion.  However, above a ridge height of 42.5 ȝP LQWHUORFNLQJ IULFWLRQ VWDUWV WR FRQWULEXWH
JUHDWO\WRWKHRYHUDOOIULFWLRQ7KHQDWDKHLJKWRIȝPDQRWLFHDEOHFRQWULEXWLRQIURPK\VWHUHVLVRIXSWRRIWKH total 
friction, is observed.  
 
Keywords: kinetic friction, ploughing friction, adhesion. 
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Nomenclature 
A  Real area of contact 
a Longest distance from centre-line of ridge to contact with skin 
aH Radius of contact predicted by Hertz 
E <RXQJ¶VPRGXOXV 
F Friction force  
Fa Adhesive Friction force  
Fhys  Hysteresis Friction force 
F i Interlocking Friction force 
hridge Height of ridge 
hsing Depth of deformation for a single ridge contact 
hadj Depth of deformation when there is an adjacent ridge in contact 
L  Length of the ridge contact 
n  Number of ridges in contact  
N  Applied normal load 
N'pr Equivalent normal load per ridge 
p  Pressure along the contact area of the ridge and skin 
R  Radius of undeformed finger 
Į  Pressure coefficient 
ȕ  Fraction of elastic energy lost due to hysteresis 
Ȝ Distance between ridge peaks 
ș  Angle between the side of the ridge or indenter and the vertical centre line 
Ĳ0  Intrinsic interfacial shear strength 
 
1. Introduction 
 
Ridges are often added to surfaces to improve grip of objects such as; sports equipment, kitchen utensils, 
assistive technology, aids, etc. Although considerable work has been carried out to study skin friction, there is 
very little work in the literature to suggest how these ridged patterns affect friction or how any effects can be 
modelled (for an overview see for example [1, 2]). A survey as part of a previous study [3] examined a wide range 
of textures found on 69 typical handheld objects including, amongst other things, food packaging and household 
utensils. Texture designs fell into four main categories; criss-cross patterns, dimples, pimples and ridges. The 
most common category was a ridge pattern, either triangular or rectangular in cross-section and between 0.1 to 5.0 
mm in height. This paper is concerned with fine surface textures that have triangular ridges at the small end of this 
spectrum, ranging from 0.003 to 0.26 mm in height. 
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Many important aspects of finger friction have been well investigated. Studies examining the effect of load 
[4, 5], have shown that above a normal load of around 1 N, contact area plateaus and the adhesion mechanism 
dominates finger friction on smooth surfaces made from various metals, polymers and glass. Other studies 
concerned with the  presence of moisture, have postulated that water absorption, possibly together with capillary 
adhesion can cause increased adhesion friction due to an increase in contact area [6] and that moisture can also 
cause a "stick-slip" feeling for a rubbing contact between a finger and artificial skin [7]. A study on the effect of 
contact pressure, showed that for contact situations where the adhesion mechanism dominates, friction 
coefficients decreased with increasing contact pressure, but if deformation played an important role, contact 
pressure had less of a measureable effect [8]. 
Previous studies on the effect of surface roughness on friction include one that measured friction between the 
finger and 21 different grades of paper (Ra values ranging from 1.2 to around 4.0 Pm) and found that the rougher 
papers had a lower friction coefficient than the smoother papers [9]. Hendricks & Franklin studied Ra values from 
0.1 to around 10 Pm for metals and polymers and showed that at these levels of roughness, friction when in 
contact with forearm skin decreased as Ra went up (see Figure 1) [10]. This was thought to be due to the decrease 
in contact area that would be seen at higher roughness. Clearly the situation for the finger will be different to other 
areas of the body at higher roughness values due to the higher roughness brought about by the ridge pattern 
(values of Rq have been reported between 7 and 17Pm [3]). Another study by Derler et al.  examined index 
fingerpad (mean Rz values between 62 and 99 Pm) and edge of hand contacts (mean Rz values between 33 and 73 
Pm) with smooth glass (Rz = 0.05 ± 0.01 Pm) and rough glass (Rz = 45.0 ± 5.6 Pm) [8]. As with the study by 
Hendricks & Franklin [10], they found that under dry conditions, friction coefficient decreased with surface 
roughness (for both fingerpad and hand). 
 
 
Fig. 1.  Friction as a Function of Roughness for Forearm Skin (taken from [10]) 
 
One study involving larger scale texture [11] investigated the effect of rectangular cross-section ridges (made 
from polycarbonate) on friction. The ridge height was 0.5 mm, and the ridge width and groove width ranged from 
 4 
0.5 mm to 1.5 mm.  The tests were done on 14 male volunteers in ambient conditions, and it was also found that 
the friction decreased when ridges were added to the surface. This was attributed to a lower area of contact, and 
therefore less adhesion. 
Tomlinson et al. [4], however, showed that for surfaces with triangular ridges (giving roughness values up to 
100 Pm ± see Figure 2 for examples of 2D profiles) a threshold existed above which friction increased. This was 
thought to be due to the initiation of interlocking of the ridges on the finger pad. The friction data is shown in 
Figure 3. Interestingly, closer examination of the data at lower roughness indicates that friction remained 
UHODWLYHO\VWDEOHUDWKHUWKDQGHFUHDVLQJDVVHHQ LQZRUNZLWKVXUIDFH WH[WXUHVZLWKRXW³GLUHFWLRQDOLW\´,WPD\EH
that for this type of surface texture the interlocking actually initiates at relatively low values of roughness and then 
has an increasing effect as roughness rises. 
 
Fig. 2.  Profiles of Aluminium, Brass and Steel at 0.4 mm feed, 0.2 mm cut and 0.5 mm feed, 0.3 mm cut. Ridge height is in 
Pm, width is in mm, roughness values are in Pm (taken from [4])). 
Ra = 64; Rq = 74 
Ra = 31; Rq = 35 
Ra = 46; Rq = 54 Ra = 83; Rq = 92 
Ra = 84; Rq = 98 
Ra = 88; Rq = 98 
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Fig. 3.  Friction versus Roughness for a range of materials with triangular ridges (taken from [4]) ± a) All data; b) Data for 
surfaces with low roughness values. 
 
Tests were carried out on aluminium (HE 30), brass (CZ 121) and steel (S 275). A shaping machine was used 
to put thin horizontal grooves in the metal. The tool used was a 60° point tool, and the grooves were machined at 
0.5 mm feed, 0.3 mm deep cut; 0.4 mm feed, 0.2 mm deep cut; 0.3 mm feed, 0.15 mm deep cut; 0.2 mm feed, 0.1 
mm deep cut; and 0.1 mm feed, 0.05 mm deep cut. 
 
Given the limited work in the literature on this subject there is clearly a need for more to be done in this area, 
particularly modelling, to provide a basis for improved grip design.  
One major driver for this is safety. In 2007/2008 there were 43,518 reported accidents at work due to 
handling, lifting or carrying [12].  If the grip on these products can be optimised, it is hoped that some of these 
accidents can be prevented.  In addition to safety aspects, improved grip can also enhance the performance of 
products, such as in sports equipment, or enable a larger group of people to use a product.  For example; if screw 
a) 
b) 
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top bottles are easier to open, more independence could be given back to the elderly, who often struggle to open 
them. 
The objective of this work was to advance the findings of the previous work on triangular ridges by 
Tomlinson et al. [4] and develop an analytical model for friction that could provide a basis for designing more 
effective surface textures for good grip.  
 
2. Analytical Model Development 
Previous work analysing skin friction has suggested that there are two principle mechanisms; adhesion and 
hysteresis friction [13].  For a finger contacting a flat surface, hysteresis is said to be negligible [4, 14] and this 
was also found for a sphere contacting a forearm [15]. However, in the tests carried out with triangular ridges [4], 
the presence of ridges introduced hysteresis as an additional component of friction, so both mechanisms must be 
analysed as well as the interlocking mechanism thought to cause the rise in friction with roughness. The aim here 
was to develop a model to compare against the experimental results presented in Figure 3 for fingerpad sliding 
contacts with triangular ridges in aluminium, brass and steel. 
 
2.1. Adhesive Friction 
The adhesive friction force (Fa)  for a spherical probe contacting a forearm can be described using Equation 1 
[13].   
Fa = Ĳ0.A + Į1          (1) 
 
where A is the real area of contact, N is the applied normal force,  Ĳ0 is the intrinsic interfacial shear strength 
and Į is a pressure coefficient. The coefficients Ĳ0 and Į  for the tested finger on the nominally flat surfaces of 
brass, steel and aluminium, can be taken from previous experiments [4], and are shown in Table 1.  If it is 
assumed that Equation 1 is applicable to a ridged surface, the average pressure distribution can be used and the 
adhesive friction can be calculated.  The apparent area of contact can be calculated using Hertz contact theory and 
an assumed radius of the finger (16 mm) (which is the radius, considering the spherical profile from the finger to 
interphalangeal joint, of the test finger) and also increasing the contact radius in one direction, due to the addition 
of ridges to the surface. The real area is then assumed to be half the apparent contact area, based on previous 
studies [3]. 
 
 
Table 1.  The adhesive friction coefficients for each material at the surface roughness shown (taken from [3])  
Material Rq ȝP W0 (N/m2) D
Aluminium 1.62 5479 0.24 
Brass 1.71 4870 0.21 
Steel 1.44 2254 0.23 
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2.2. Hysteresis Friction 
Greenwood and Tabor [16] formed a model for hysteresis friction of a rigid conical slider along a rubber or a soft 
elastomer.  This is shown in Equation 2.  Their method of derivation was used and adapted to derive the hysteresis 
friction for a finger contacting a triangular ridged surface.  
 
TS
EP cot h           (2) 
 
where ȝh is the coefficient of friction due to hysteresis alone, ȕ is the fraction of elastic energy lost due to 
hysteresis, and ș is the angle the side of the conical indenter makes with the vertical centre line. 
To estimate the hysteresis friction for this case, a single triangular ridge was considered; Figure 4 shows an 
illustration of the ridge-skin contact.  The skin is only displaced by the leading edge, so the deformation force is 
only along this side of the ridge; however, the normal force is applied to the whole ridge. 
 
 
Fig. 4.  Schematic of a single ridge contacting the finger pad (N is the normal force, t is the distance from the centre line of the 
ridge, ș is the angle of ridge, a is the largest distance from centre line to contact of the ridge with the skin, p is the pressure 
along the contact area of the ridge and skin, dl is the length of the contact area, W is the resultant force due to applied pressure 
and Fhys is the deformation force) 
 
Fhys 
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There will be a pressure along the leading edge, which varies along the length dl.  The force (W) due to the 
pressure of the ridge pressing against the skin is: 
 
³  dlLpW           (3) 
 
where L is the length of the ridge contact normal to the plane of the paper. 
Equation 3 can be re-written (see Equation 4), since the distance from the central axis (t) varies such that dt = 
GOVLQș.  Integrating this between the limits of 0 and a, accounts for the contact area (since a is the distance t where 
the skin leaves contact with the ridge). 
 
dtLpW
a³  
0 sinT
          (4) 
 
The hysteresis force due to deformation (Fhys) is the horizontal component of the force due to the applied 
pressure (W).  Equation 5 describes this force. 
 
³   ahys dtLpWF
0
cotcos TT         (5) 
 
The normal force (N) is described using Equation 6. 
 
³  a dtLpN
0
2           (6) 
 
Therefore the deformation force can be described using Equation 7. 
 
Tcot
2
 NFhys           (7) 
 
There will, however, be a limit to this friction, since the finger can only deform so far, and the ridge is not of 
infinite height. The ridges tested were not tall, and therHIRUH WKHILQJHU¶VPD[LPXPGHIRUPDWLRQ LVQRW UHDFKHG
thus the ridge height is the limiting factor.   
The model of a single ridge does not fully describe the deformation force, since the adjacent ridges restrict the 
finger from fully deforming. To take this into account, an equivalent applied load (1¶) can be calculated and used 
to replace N in Equation 7.  
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To calculate the equivalent load, it was assumed that the finger deformation is symmetrical and can therefore 
be estimated (in 2D) using circles (post ridge contact). This physically means that when the whole finger deforms 
due to contact with a ridge, at the point of leaving the ridge it forms an arc.  This arc can be modelled by a circle 
at a tangent to the ridge (the tangent being the point at which the finger surface leaves contact with the ridge). This 
is illustrated in Figure 5.  In this figure the larger circle represents the finger that is deforming on a single ridge, 
and the smaller circle represents the deformation of the finger when there is an adjacent ridge. 
 
 
Fig. 5.  Schematic of the Circular Representation of a Finger Deforming on a Ridge (r = radius of the circle without an 
adjacent ridge and U¶ = radius of circle with adjacent ridge) 
 
When Figure 5 is drawn to scale, it can be seen that the ratio of the circle radii is equal to the ratio of 
deformation depths.  The deformation depths are considered to be from the tip of the ridge point to the tangent of 
the circle with the ridge.  For a single ridge contact, the depth of deformation (hsing) can be estimated using 
+RRNH¶V /DZ DV VKRZQ LQ (TXDWLRQ  IRU ORDGV DERYH  1 DIWHU ZKLFK WKH PDMRULW\ RI WKH ILQJHUSDG KDV
deformed and area of contact plateaus for contacts with flat surfaces [3]). This assumes the rough approximation 
that the spring constant (k) is linear and since the finger is pre-compressed this assumption is believed to be 
appropriate for this model [3]. 
 
k
Nhsing            (8) 
 
The ratio of the radii to the finger deformation can then be rearranged to give an equation for the depth of 
deformation (hadj), when there is an adjacent ridge. 
 
sing
ridge
sing
ridge
singadj hh
h
h
h
r
rh 
 ¹¸
·
©¨
§ 
  
2
cos
cos
2' TOT
O
      (9) 
hsing 
hadj 
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$JDLQ DSSO\LQJ +RRNH¶V ODZ DQ HTXLYDOHQW ORDG FDQ EH FDOFXODWHG IRU WKH QHZ PRGLILHG GHIRUPDWLRQ
described by Equation 10. 
 
sing
ridge
h
h
kN 
 
2
cos
'
TO
         (10) 
 
Since hsing FDQEHHVWLPDWHGXVLQJ+RRNH¶VODZ(TXDWLRQWKHRYHUDOOHTXLYDOHQWORDGSHUULGJHN'pr) can 
be described using Equation 11. 
 
ridge
pr hn
NN 
 
2
cos
'
TO
         (11) 
 
where n is the number of ridges in contact. 
This equivalent load can then be used as the input to compare whether maximum deformation has occurred 
yet. If it has, the limiting load, Nmax, (the load at which the deformation reaches a maximum) is used, rather than 
the equivalent load. This deformation force (for a single ridge) is then multiplied by the number of ridges in the 
contact, to calculate the total deformation. 
 
The number of ridges in contact is calculated using Equation 12 where L =  2aH, aH = radius of contact 
predicted by Hertz (Equation 13). 
 
O
L
n             (12) 
 
3
1
*4
3
¹¸
·
©¨
§

 
E
RN
aH
         (13) 
 
The deformation force is an overestimate of the hysteresis friction (Fhys), since the skin is able to return to its 
original shape, which is a mechanism of energy return. However, the visco-elastic nature of the skin means that 
not all of the energy inputted to deform the skin is recovered. This difference can be represented by the 
viscoelastic hysteresis loss fraction, ȕ.  Therefore, by rewriting Equation 7 to replace N with the total equivalent 
load N' (= n N'pr), combining it with Equation 11 and taking into account the loss fraction, ȕ, the overall hysteresis 
friction can be calculated as shown in Equation 14. The loss fraction is dependent upon loading and unloading 
rate, so will vary between ridge patterns, and can be found experimentally. 
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      (14) 
 
2.3. Interlocking Friction 
Considering the friction between a steel indenter and a nitrile rubber [17], past a certain level of roughness 
(Ra  ȝPIRU WKHUXEEHUDQG5a  ȝPIRU WKHVWHHO LQWHUORFNLQJRI WKHDVSHULWLHVFDXVHVDQ LQFUHDVH LQ
friction. The ridged surfaces in question for our model validation are a higher roughness than this (Ra = 0.98 ± 
82.73 ȝP;  Rq = 1.19 ± ȝP and the roughness of the finger is Rq = 7 ± ȝP [3] (the height of ridges 
varies across the finger pad). This means an additional mechanism of friction could be the fingerpad ridges 
µFOLPELQJ¶Rver the metallic surface ridges leading to interlocking friction. Adams [18] estimated the coefficient 
of friction due to interlocking, of one spherical particle climbing over another spherical particle, to be equal to the 
tangent of the angle between the normal force and the vertical.  This calculation can be repeated for the finger 
ULGJHVµFOLPELQJ¶DQLQFOLQHZLWKWKHVDPHUHVXOWWKXVLQWHUORFNLQJIULFWLRQFDQEHGHVFULEHGXVLQJ(TXDWLRQ  It 
is assumed that the total friction force, will result from a total normal load, even if this load is applied over a 
number of fingerpad ridge-surface ridge interactions.  
 
Tcot NFi           (15) 
 
Finally, the total friction can be found simply as 
 
ihysa FFFF           (16) 
 
3. Modelling Results 
Assuming a loss fraction of 0.45 [19], and using Equations 1, 14 and 15, the friction force for a finger 
contacting a triangular ridged surface can be predicted.  Figure 6 shows the predicted and measured values of 
frictional force for the materials tested. Data is presented for three materials, each having been used to create five 
different fine-ridged surfaces and each surface having been tested at five different normal loads (giving 75 data 
points in all). Tests were carried out using one participant (female, 25yo), where the middle finger of the dominant 
hand was drawn across the surface, in a direction perpendicular to the ridge pattern [4]. 
There is a fairly good correlation between the predicted and measured values for the brass samples, both in 
terms of accuracy and precision (i.e., both the slope and correlation coefficient are relatively close to unity).  The 
profiles for brass (see Figure. 2) can be seen to be closest to the assumed triangular pattern, which may explain 
why the model gave the best predictions for this material.  However, Figure 6 indicates that there was less 
accuracy in the predicted values of friction for the other materials, steel and aluminium, as the slopes were less 
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close to unity.  The low slope values indicate that, generally, the model overpredicted the friction forces for steel 
and aluminium.  It is hypothesized that this overprediction is based on the assumption that the ridges had distinct, 
sharp points, leading to the assumed values of interlocking friction, whereas in reality (see Figure 2), the ridges 
for steel and aluminium were slightly blunt. The predictions for steel were the least precise (indicated by the low 
correlation coefficient) and this is thought to be due to the inconsistent profile of the steel ridges, particularly for 
samples with low ridge height (see Figure 2).   
There are also likely to be errors in some of the other assumptions made, such as the single assumed loss 
fraction, and assuming the adhesion equation for a flat surface can be applied to ridges, and using the interlocking 
equation for a particle, since this may be reduced for the skin due to its visco-elastic nature. 
 
Fig. 6.  Comparison of Predicted Friction Force and the Measured Friction Force, for the Ridge Patterns 
 
The modelling results also allow an analysis of which mechanisms of friction are important in a particular 
contact, so that these can be either maximised or minimised for optimum friction properties.  Figure 7 shows the 
predicted overall friction forces for tests done on the brass surfaces, broken down into contributions of each 
friction mechanism. This shows that for small ridges adhesive friction has the largest influence on the total 
measured friction.  Once the applied loads are greater and the ridges are larger, interlocking friction starts to 
account for a large percentage of the overall friction.  Interestingly, for the ridge dimensions chosen, hysteresis 
friction contributed very little to the overall friction, as seen with a previous study using a spherical indenter on 
the forearm [15]. 
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Fig. 7.  Contribution of each mechanism to the overall predicted friction for brass surfaces 
 
4. Discussion 
4.1. Mechanisms of Friction 
The experimental data in Figure 3 indicates that the coefficient of friction plateaus with roughness, however, 
prediction made from the analysis of the different friction mechanisms do not support this (see Figure 8). This was 
investigated further by analysing the different friction mechanisms as the finger moves over a fine ridged surface. 
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Fig. 8.  Predicted Coefficient of Friction against roughness for brass surfaces 
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Figure 7 shows that at low ridge height, adhesion is the most dominant friction mechanism. This is because 
the surface profile is such that the ridges do not penetrate a great deal into the surface of the finger. At a greater 
height and width, there is more penetration into the finger, therefore the amount of hysteresis friction increases. 
The main increase in friction, as the size of the ridges is increased, is due to interlocking friction. Interlocking 
friction is mentioned by Chang et al. as contributing to rubber friction [20], but no models were applied in this 
study  ,Q H[DPLQLQJ H[LVWLQJ PRGHOV LW ZDV IRXQG WKDW $GDPV¶V PRGHO RI D SDUWLFOH µFOLPELQJ¶ RYHU DQRWKHU
particle can be applied [18].  This shows that if the angle of the ridge is sharper, there will be a greater amount of 
interlocking friction.  In application of the interlocking equation, the constraint was used, such that the amount of 
interlocking was calculated as a percentage of the number of metallic ridges larger than the finger ridges.  This is 
based upon the fact that interlocking friction is usually observed when the dimensions of an asperity are greater 
than those of the contacting asperity [21]. 
 
4.2. Results in Terms of Surface Design and Work for the Future 
A comparison of Figures 7 and 8 shows that there is very little difference in the coefficients of friction 
IULFWLRQIRUFHGLYLGHGE\QRUPDOIRUFHIRUHDFKWH[WXUHXQWLODZLGWKRIPPDQGKHLJKWRIȝPZKHUH
there is an increase in friction. There is a substantial increase for the surface with ridges of 0.3 mm width and 250 
ȝPKHLJKW7KLVVKRZVWKDWLIGHVLJQLQJDVXUIDFHIRUWKHPD[LPXPIULFWLRQWKHODUJHUDQGKLJKHUWKHULGJHVWKH
better. There may of course be a limit to this height, which has not been investigated as part of this study. 
In the design of grips, comfort is also important.  A perception study would add to the understanding 
developed in this paper, using the type of techniques outlined in the work of Barnes et al. [22]. This could then 
provide a full catalogue of information for grip design.  This work can be improved and furthered, by looking at a 
wider range of ridge heights and widths. Also, a better manufacturing method would ensure that the profiles were 
regular.  This would allow better comparison of the results to the model, thus providing a better picture of the 
mechanisms of friction present, and how the ridge shapes affect friction. 
 
5. Conclusions 
In this study a model was developed for addressing finger-texture contact and predictions from the model 
were compared to experimental values. 
In the cases modelled, adhesion was the predominant mechanism (responsible for more than 50% of the total 
friction force, and in some cases, up to 100%) for samples with shallow ridges of a height lower than 42.5 µm 
(note: the spacing of the ridges also has an effect, but for the samples used in this study, ridge height was the main 
parameter that dictated the shallowness or sharpness of the ridges). This is because the ridges are so shallow, they 
allow a relatively large contact area, and therefore adhesion.  However, for the samples with ridge heights greater 
WKDQ  ȝP (and therefore sharper ridges), the interlocking friction mechanism becomes more influential, 
accounting for more than 50% of the total friction force. The finger ridges, are now UHTXLUHGWRµFOLPE¶RYHUWKH
metallic surface ridges to a greater extent.  Finally, at a height of 250 µm, hysteresis starts to play a greater part in 
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friction as the ridges deform the skin to a greater extent; however, this is still not a dominant mechanism 
(responsible for no more than approx. 10% of the total friction force).  
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